The non-neutral ionized chemical equilibrium subroutine by Kendall, R. M.
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THE NON-NEUTRAL I O N I Z E D  CHEMICAL 
EQUILIBRIUM SUBROUTINE 
SECTION 1 
INTRODUCTION 
The Non-neutral Ionized Chemical Equilibrium Subrout ine w a s  prepared f o r  
u t i l i z a t i o n  w i t h  a genera l  viscous shock l a y e r  program be ing  developed a t  the 
Ames Research Center  of NASA. It serves  t o  i s o l a t e  the complexi t ies  of the 
chemistry s o l u t i o n  ou t s ide  of  the log ic  a s soc ia t ed  with the shock l a y e r  solu-  
t i o n  and thus  t o  permit g r e a t e r  f l e x i b i l i t y  of  opera t ion .  The NICHE subrout ine  
t r e a t s  a gene ra l  chemical system composed of up t o  25  a r b i t r a r i l y  s e l e c t e d  
molecules and ions.  I t  eva lua te s  the s ta te  based on assigned elemental  com- 
p o s i t i o n ,  su rp lus  or d e f i c i t  of charge, p re s su re  and en tha lpy  ( o r  temperature) .  
The s ta te  eva lua t ion  y i e l d s  composition, temperature (or en tha lpy) ,  and der iv-  
a t i v e s  of these  p r o p e r t i e s  w i t h  respec t  t o  the  i n p u t  parameters. 
To a c c e l e r a t e  i t s  opera t ion  when coupled t o  the v iscous  shock l aye r ,  
c e r t a i n  special f e a t u r e s  have been  included i n  t h i s  subrout ine .  These inc lude  
1) sepa ra t ion  of the input  f ea tu re s  i n t o  a s epa ra t e  main program which pre- 
pa res  a b ina ry  d a t a  tape ,  and 2) optimizat ion of f i r s t  guesses by s t o r i n g  the 
v a r i a b l e s  necessary t o  spec i fy  these guesses a t  each shock l a y e r  s t a t i o n .  
I n  add i t ion  t o  t h e  thermodynamic s ta te  s p e c i f i c a t i o n ,  c e r t a i n  terms appro- 
pr ia te  t o  t r a n s p o r t  p roper ty  evaluat ion are determined. These terms are de- 
scribed i n  Reference l. 
T h i s  r e p o r t  descr ibes  t h e  operat ion of t h e  subrout ine  inc luding  t h e  prep- 
a r a t i o n  of i npu t ,  t h e  communication between it and the c a l l i n g  rou t ine ,  t h e  
gene ra l  na tu re  of the s o l u t i o n  process and t h e  accuracy of t h e  ca l cu la t ed  de- 
r i v a t i v e s .  
SECTION 2 
PROGRAM INPUT 
A separate program (INPUT) i s  used t o  read a l l  t h e  necessary i n p u t  d a t a  
r equ i r ed  by t h e  NICHE subrout ine .  This d a t a  is  manipulated and organized and 
p laced  on a b ina ry  tape f o r  subsequent use  by the NICHE subrout ine .  
The i n p u t  t o  I N P U T  i s  of  t h ree  types  - elemental  information,  d i f f u s i o n  
f a c t o r  da t a ,  and thermodynamic data. The form and na tu re  of t h i s  inpu t  i s  
descr ibed  i n  the following paragraphs. 
- 2- 
ELEMENTAL DATA 
Card 1, Format 213, F11.4 
F i e l d  1 (Cols. 1-3, r i g h t  j u s t i f i e d )  
N u m b e r  of e lements  i n  the system ( i n  ion ized  systems 
t h e  e l e c t r o n  is  t r e a t e d  a s  an a d d i t i o n a l  e lement) .  
F i e l d  2 (Cols. 4-6, r i g h t  j u s t i f i e d )  
Logical  u n i t  number on w h i c h  b ina ry  output  from t h e  
program w i l l  be s tored.  
F i e l d  3 (Cols. 7-17) 
Power on molecular weight i f  assumption t h a t  
t o  a power i s  used. Power presumed t o  be 0.5 i f  no 
e n t r y  is  provided. The Fi (see Ref. 1) are re ferenced  
t o  E which approximates, i n  th i s  case, t h e  s e l f - d i f f u s i o n  
c o e f f i c i e n t  of 02, s p e c i f i c a l l y ,  
Fi a Ri 
- 
D = 4.168 x IO-' T 3 l 2 / ( P n )  
= 1.07(T/106.7) *'" 
- 
where D is f t2 / sec ,  T i s  i n  OK and P is  i n  atmospheres. 
The cons tan t  i n  the f i r s t  equat ion presumes a c o l l i s i o n  r a d i u s  
of  3.467 A. The l a t t e r  equat ion  is  based on a curve f i t  of  
Leonard-Jones cross-sect ions as a func t ion  of  reduced t e m -  
pe ra tu re s  with c/k f o r  O2 taken as 106.7. 
Cards 2,  3, ..., one f o r  each element, Format 13, 3A4, F10.5 
0 
F i e l d  1 (Cols. 1-3, r i g h t  j u s t i f i e d )  
Atomic number of element (99 f o r  e l ec t ron )  . Cards are 
ordered w i t h  t h i s  number ascending. 
F i e l d  2 (Cols. 4-15) 
Name of element ( f o r  ou tput  only) 
F i e l d  3 (Cols. 16-25) 
Atomic weight of  element. 
DIFFUSION FACTOR DATA 
Card 1, Format I 3  
F i e l d  1 (Cols. 1-3, r i g h t  j u s t i f i e d )  
Negative number of molecules f o r  which d i f f u s i o n  f a c t o r  
d a t a  is  be ing  supplied.  Other molecules w i l l  use  power 
on molecular weight approximation: 
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'i Fi = [ 5) t o  power 
I f  value i s  p o s i t i v e  t h i s  card  is  assumed t o  be f i r s t  card  
of next  se t  (therrnodynzmic d a t a )  
Card 2, ..., i f  and a s  required,  Format 4(2A4, E12.4) 
F i e l d  1, 3, 5, and 7 (Cols. 1-8, 21-28, 41-48 and 61-68) 
Name of molecule as it appears i n  Cols. 73-80 on f i r s t  
ca rd  of  3-card thermodynamic d a t a  s e t  f o r  t h e  molecule. 
F i e l d  2, 4, 6 and 8 (Cols. 9-20, 29-40, 49-60 and 69-80) 
Dif fus ion  f a c t o r  Fi f o r  molecule 
THERMODYNAMIC DATA 
(3 cards  f o r  each molecule, blank ca rd  a f t e r  l a s t  molecular 
se t  concludes thermodynamic data . )  
Card 1, 4, 7 ,  ..., Format (7(F3.0, 13) , 30X A6A2) 
F i e l d  1, 3, 5, . . . , one f o r  each element i n  molecule (Cols. 1-3, 
7-9 , 13-15 , . . .) 
Number of a t o m s  (of  atomic number given i n  subsequent f i e l d )  
i n  a molecule  of t h i s  spec ies .  I f  f i e l d  one is  negat ive  th i s  
c a r d  is  presumed to be first card  of  d i f f u s i o n  f a c t o r  d a t a  
set. I f  f i e l d  one is zero  t h i s  ca rd  i s  presumed t o  be end 
of thermodynamic data .  
Field 2, 4, 6 ,  ..., one f o r  each eiement i n  moiecuie (Cols. 4-6, 
10-12, 16-18, . . .) 
Atomic number of elements i n  molecules l i s t e d  i n  ascending 
sequence. 
Las t  F i e l d  (Cols. 73-80) 
Molecular des igna t ion  f o r  ou tput  and as i d e n t i f i e r  f o r  d i f -  
fus ion  f a c t o r  da t a .  
Card 2,  5, 8, ..., one f o r  each molecule (Format 6E9.6,6X, F6.0, I1 
F i e l d  1 ( C o l s .  1-9) 
H e a t  of formation of molecule a t  298'K from JANAF base s ta te  
(elements i n  most n a t u r a l  form a t  298'K) cal/mole. 
F i e l d s  2-6 ( C o l s .  10-18, 19-27, 28-36, 37-45 and 46-54) 
Constants  appropr ia te  t o  lower temperature range of thermo- 
dynamic d a t a  (see below) 
F i e l d  7 (Cols.  61-66) 
Upper l i m i t  of lower temperature range i n  O K .  
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F i e l d  8 (Col. 67) 
Zero i n d i c a t e s  gaseous spec ie s .  
Taking 
follows: 
F2, F3, . . ., as F ie lds  2, 3 ,  etc. , t h e  curve f i t s  a r e  a s  
C 
P 
T 
- F5/T1 3000 h - h298 = F2 + 
with T i n  OK h i n  cal/mole and s i n  cal/mole OK 
Card 3 ,  6, 9, . . ., one f o r  each molecule, Format 6E9.6, 6X, F6 .O, I1 
Same as Cards 2,  5, 8 except f o r  upper temperature range and 
F i e l d  7 is  ignored. 
The arrangement of these  card sets i s  of  consequence i n  so f a r  a s  it 
determines t h e  "elemental"  order  of t h e  system of  m a s s  balance equat ions,  a 
s i g n i f i c a n t  f a c t o r  i n  t h e  communication between t h e  shock l a y e r  and chemistry 
rou t ines .  
ba lance  ind ices  m u s t  correspond w i t h  oxygen a s  one, carbon a s  2, etc. ,  w i t h  
t h e  charge balance occurr ing  as the  f i f t h  balance.  For a gene ra l  d i scuss ion  
of t h e  term "element1' a s  used by t h e s e  rou t ines ,  see Reference 2 .  
- 
I f  t h e  f i r s t  f i v e  molecules a r e  02, C,  H2,  N2, e , then the m a s s  
The t ape  t h a t  i s  prepared by  the INPUT program w i l l  subsequent ly  be read  
by t h e  Subroutine EQUIL on t h e  f i r s t  c a l l  from t h e  shock l a y e r  rou t ine .  This 
rep resen t s  the e x t e n t  of o u t s i d e  inpu t  t o  t h e  NICHE subrout ine .  Addi t iona l  
information i s  provided t o  i t  v i a  the c a l l  from t h e  shock l a y e r  r o u t i n e  and 
through COMMON. This communication w i l l  be d iscussed  i n  t h e  next  s ec t ion .  
SECTION 3 
COMMUNICATION WITH CALLING ROUTINE 
The c a l l  l i s t  provides  communication f o r  temperature ( o r  enthalpy)  and 
pressure ,  i n  t h a t  order .  A l l  o ther  v a r i a b l e s  a r e  communicated v i a  COMMON. 
COMMON/ACEC/ i s  t h e  p r i n c i p a l  vehic le  f o r  t h i s  communication, a l though cer ta in  
v a r i a b l e s  a r e  a l s o  communicated v i a  COMMON/EQUI/and/MAINC/. The fol lowing 
table se rves  t o  i d e n t i f y  these va r i ab le s ,  a s  we l l  a s  those  i n  t h e  c a l l  l i s t .  
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CALL EQUIL LIST 
Z 
PRR 
c OMMON/ACEC/* 
W(J(j, i) 
DVDCP (j , i) 
enthalpy i n  cal/gm, i f  I U  = NpU 
temperature i n  OK, i f  IU # NPU 
dummy i f  Z = 0 
p res su re  i n  atm i f  PRR # 0 
( a l l  v a r i a b l e s  generated i n  NICHE) 
s to i ch iomet r i c  c o e f f i c i e n t s  i n  formation of one molecule 
of j from base  spec ies  i. The base spec ie s  a r e  the  
f irst  IS  molecules i n  the thermodynamic d a t a  se t  where 
I S  i s  t h e  number o f  elements. This se t  w i l l  be rearranged 
by t h e  INPUT program, i f  necessary,  t o  achieve a v a l i d  se t  
of base  spec ie s .  
mass f r a c t i o n  of molecule j 
multicomponent thermal d i f f u s i o n  c o e f f i c i e n t  of molecule 
j .  See Reference 1. 
d e r i v a t i v e  of mole f r a c t i o n  of molecule j w i t h  r e s p e c t  
t o  m a s s  f r a c t i o n  of  "element" i a t  cons t an t  tempera- 
t u r e  and pressure,  t i m e s  molecular weight of "element" i 
d e r i v a t i v e  of mole f r a c t i o n  fo  molecule j w i t h  r e s p e c t  
t o  pressure  ( i n  atmospheres) a t  cons t an t  temperature and 
"elemental" mass f r a c t i o n s  
d e r i v a t i v e  of mole f r a c t i o n  of  molecule j w i t h  r e s p e c t  
t o  temperature ( i n  OK) a t  cons t an t  p re s su re  and t te lemental t '  
mass f r a c t i o n s  
d i f f u s i o n  factor- F of i-ildecule j 
entha lpy  o f  molecule j i n  cal/gm 
first s i x  cha rac t e r s  i n  des igna t ion  of  molecule j 
mole f r a c t i o n  of molecule j 
molecular  weight of molecule j. Note t h a t  t h e  f i r s t  I S  
m e m b e r s  of t h i s  a r r a y  are the molecular w e i g h t s  of t h e  
elements 
d i f f u s i v e  mass f r a c t i o n  of molecule j (see Ref. 1) a l s o  
referred t o  as Z-potential  
f rozen h e a t  capac i ty  of system i n  c a l / g m ° K  
D of Reference 1 i n  ft"/sec. See d i scuss ion  i n  preceding 
s e c t i o n  
en tha lpy  of  system i n  cal/gm 
- 
* 
This  e n t i r e  common as w e l l  as COMMON/ACRE/ are equivalenced t o  ACECE and 
ACREE i n  order  t o  f a c i l i t a t e  s torage  and r e t r i e v a l  from the b ina ry  tape.  
P 
RHO 
T 
VLAM 
VMU 
VMUl 
mu2 
WM 
COMMON/EQUI/ 
CPPS (i) 
I U  
I Y  
NPU 
COMMON/AC RE/ 
VMW(R) 
IFF1 ( a )  
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pres su re  i n  atmospheres 
d e n s i t y  of system i n  lb/ft3 
system temperature i n  O K  
thermal conduct ivi ty  of system i n  Btu / f t  OR 
v i s c o s i t y  of system i n  lb/ft  s ec  
p1 of Reference 1 
of Reference 1 
p 2  
system molecular weight 
( a l l  v a r i a b l e s  una l te red  by NICHE) 
mass f r a c t i o n  of t telementtg i divided by molecular weight 
of "element" i a t  the edge of the  shock l aye r .  Used 
t o  def ine  "elemental" composition of system i f  I U  = NPU 
( a l l  v a r i a b l e s  una l te red  by NICHE) 
mass f r a c t i o n  of molecule j a t  s t a t i o n  R i n  shock 
l aye r .  Used t o  de f ine  i n i t i a l  guesses  i n  NICHE a f t e r  
c a l c u l a t i o n s  have once been performed a t  s t a t i o n  R 
m a s s  f r a c t i o n  of l lelement" i divided by molecular weight 
of "element" i a t  s t a t i o n  4 i n  shock l aye r .  Used t o  
de f ine  t telemental" composition of  system i f  I U  # NPU 
l o g i c a l  u n i t  number from w h i c h  b ina ry  information gener- 
ated by INPUT i s  t o  be read on f i r s t  e n t r y  i n t o  E Q U I L  
on first ca i l  of EQUIL Used t o  e a t s b l i a h  KR(9). Sabse- 
quent ly  K R ( 9 )  = 0 y i e l d  f u l l  unequal d i f f u s i o n  and 
thermal d i f fus ion  model, KR(9) = 1 e l imina te s  thermal 
d i f f u s i o n  and KR(9) = 2 y i e l d s  equal  d i f f u s i o n  c o e f f i c i e n t s  
w i t h  no thermal d i f f u s i o n  
index 1 on shock l a y e r  su r face  normal coord ina te .  
(= 1 a t  w a l l ,  = NPU a t  shock wave) 
on first ca l l  of E Q U I L  used t o  establish debug output  f l a g  
K R ( 7 )  namely K R ( 7 )  = 5 * I Y  - 4. If K R ( 7 )  > 1 f u l l  debug 
output  is p r in t ed  a t  each i t e r a t i o n  and K R ( 7 )  is decre- 
mented by 1. I f  K R ( 7 )  > 0 s i n g l e  l i n e  of debug output  is  
p r i n t e d  a t  each i t e r a t i o n .  K R ( 7 )  is  not r e i n i t i a l i z e d  
w i t h  each c a l l .  
number of  s t a t i o n s  i n  surface normal d i r e c t i o n  
(no t  used outs ide  of Niche bu t .  ..) 
molecular weight a t  s t a t i o n  R i n  shock l aye r .  Used t o  
e s t a b l i s h  i n i t i a l  guesses  af ter  f i rs t  e n t r y  i n t o  E Q U I L  a t  
s t a t i o n  1 
f l a g  used t o  e s t a b l i s h  i f  p r i o r  e n t r y  a t  s t a t i o n  R has 
occurred. 
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The dimensions on v a r i a b l e s  a re  c o n s i s t e n t  w i t h  the s u b s c r i p t s  given 
above. A s  c u r r e n t l y  compiled t h e  l i m i t s  on the ind ices  a r e  
j 25 
i 6 
a 11 
Var iab les  dimensioned 25  o r  26 a r e  r e l a t e d  t o  j. V a r i a b l e s  dimensioned 6,  
7 o r  10 (except  KR(10) ) are r e l a t e d  t o  i. A l l  o t h e r  v a r i a b l e s  i n  NICHE 
have f ixed  dimensions, except  ACECE and ACREE which a r e  dimensioned t o  con- 
t a i n  a l l  of COMMON/ACEC/ and COMMON/ACRE/, r e spec t ive ly .  
SECTION 4 
GENERAL NATURE OF SOLUTION 
I n  Reference 2 a gene ra l  desc r ip t ion  of  the s o l u t i o n  procedure i s  pre- 
sented.  Ce r t a in  specific a spec t s  of the s o l u t i o n  process  w i t h  regard t o  
non-neutral  chemical s t a t e s  deserves d iscuss ion  he re ,  however. The  charge 
balance i s  t r e a t e d  toge the r  w i t h  t he  elemental  m a s s  balances by a r e l a t i o n  
of the form 
"1 are 
where i is t h e  index appropriate  t o  the mass or  charge balancc,  t h e  
p a r t i a l  p re s su res  of molecule j i n  t h e  system, t h e  v j i  a r e  t h e  s to i ch io -  
me t r i c  c o e f f i c i e n t s  i n  t h e  formation of one molecule of  j from t h e  base  
spec ie s ,  94 i s  the system molecular weight and a; is  the conserved v a r i a b l e  
a s soc ia t ed  w i t h  "elemental"  mass balances or t h e  charge balance.  I n  t h e  
charge balance (i = e) w i t h  t h e  e l ec t ron  taken a s  t h e  only charged base spe- 
cies, v . r ep resen t s  t h e  negative charge on molecule j .  For example, 
v .  f o r  NO' and 02- are -1 and +1, r e spec t ive ly .  For a n e u t r a l  s y s t e m  
a 
charge on t h e  system. S p e c i f i c a l l y  ae is the charge excess  i n  a one gram 
system div ided  by Avogadro's number. 
.- 
3 * e  
]*e  
e i s  zero.  I f  there i s  a charge d e f i c i t  ae < 0 y i e l d i n g  a n e t  p o s i t i v e  
The  t r a n s p o r t  p roper ty  model o f  Reference 1 is, by impl ica t ion ,  be ing  
applied t o  ion ized  systems. The wisdom of t h i s  a p p l i c a t i o n  is open t o  s e r i o u s  
ques t ion  i n  h igh ly  ion ized  systems. For n e u t r a l  s l i g h t l y  ion ized  systems, 
t he  model i s  probably u s e f u l  and c e r t a i n l y  w i l l  i n d i c a t e ,  under more severe  
condi t ions ,  major t r e n d s  i n  the non-neutral ion ized  shock l a y e r .  
-8- 
SECTION 5 
DERIVATIVE CALCULATIONS 
The eva lua t ion  of var ious p a r t i a l  d e r i v a t i v e s  i s  a major a spec t  of  the 
s o l u t i o n  procedure.  I n  order  t o  demonstrate t h e  accuracy of t h i s  procedure 
Tables  I ( a ) - I ( f )  were prepared. These tables i n d i c a t e  the s ta te  s o l u t i o n  a t  
the m a s s  f r a c t i o n s ,  temperature and p res su re  given i n  Table I ( a )  and a t  a 
s e t  of incremental ly  d i f f e r e n t  s t a t e s ,  w i t h  only one parameter being incre-  
mented f o r  each so lu t ion .  Thus t h e  i nd ica t ed  d e r i v a t i v e s  can be checked. 
The checks y ie lded  uniformly accura te  r e s u l t s .  For example 
ape- 
Tables I (a) and I ( f )  - -  - 1.406 x and 1.294 x 
= 1.350 x lo-' 
aT 
By f i n i t e  d i f f e rence  I ( a )  less I ( f )  
ape- 2.2436 x 10" - 2.1086 x lo-" = 1.350 10-5 
a T  9000 - 8900f 
- =  
N 
O r ,  l e t t i n g  Kc r ep resen t  the mass f r a c t i o n  of the element carbon, 
T a b l e s  I!a) and ~ ( b )  
= 3.734 x 10'" 
and by f i n i t e  d i f f e rence  I ( a )  less I(b) 
9.6200 x - 9.2467 x = 3.733 apt+ - =  
aZc 1.753 x 10-1 - 1.653 x 10-1 
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SECTION 6 
R E C O M N D A T I O N S  
Because of t h e  u n c e r t a i n t i e s  of  the t r a n s p o r t  p roper ty  model of Refer- 
ence 1 a s  appl ied  t o  h igh ly  ionized non-neutral  systems, it is  recommended 
t h a t  “exac t”  f i r s t  o rde r  t r a n s p o r t  p roper ty  r e l a t i o n s  be used t o  eva lua te  
f luxes  i n  the  shock l a y e r  so lu t ion .  This would involve inc lus ion  o f  cross-  
s e c t i o n  d a t a  f o r  each d i f f u s i n g  p a i r .  Inasmuch as a s i n g l e  p o t e n t i a l  model 
i s  inappropr i a t e  f o r  a l l  p a i r s  i n  an ion ized  system, inpu t  p repa ra t ion  would 
become more ex tens ive  b u t  u n c e r t a i n t i e s  would be better def ined.  It appears 
t h a t  the inc lus ion  of this  model would not  n e c e s s i t a t e  any major modif icat ion 
of the shock l a y e r  program. 
-10- 
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